Introduction
G-quadruplexes (GQs) are noncanonical secondary structures formed from G-rich sequences of nucleic acids, and play important roles in the regulation of gene transcription and translation. Formation of GQs in a telomere region causes inhibition of telomerase activity with subsequent obsolescence and cell death. [1] GQ structures are found in some promoters of oncogenes, such as c-MYC, [2] BCL-2, [3] c-KIT, [4] K-ras, [5] VEGF. [6] Therefore, GQs could be a key therapeutic target for anticancer drugs. Quarfloxin, a GQ-stabilizing drug for the treatment of neuroendocrine/carcinoid tumors has reached phase II clinical trials. [7] Recently, a novel translation activation function of GQs in 3'-untranslated regions (3'-UTR) of messenger RNAs was also presented. [8] While the idea of GQ-stabilizing/-destabilizing compounds looks promising for switching genes on and off, it is critical to measure kinetics of GQ folding in solution for efficient drug design and high-throughput screening of drug candidates. Finding kinetic parameters can relate the GQ folding time scale with biological processes like replication and transcription. Up to now, the most common techniques for studying of GQ conformations include circular dichroism (CD), [9] UV absorption at 295/297 nm, [10] non-denaturing gel electrophoresis, [11] fluorescence-based single molecule methods, [12] nuclear magnetic resonance (NMR), [13] surface plasmon resonance (SPR) [14] and X-ray crystallography (XRC). [15] However, standalone CD studies the conformational changes in anisotropic molecules and chiral super assemblies in equilibrium, and for fast interactions it measures thermodynamic constants only. NMR shows the DNA's conformational dynamic in solution with atomic resolution. XRC provides a static picture of a DNA conformation. Alternatively, fluorescence resonance energy transfer (FRET) [16, 17] measures the relative distance between fluorescent residues or labels and requires fluorescent labeling that may interfere with DNA dynamics and ligand binding. The main disadvantages of NMR techniques are a requirement for the high concentration of a sample (around millimolar range) and difficulties in performing a multiplex study. Other solution-based techniques do not provide direct information about the structure of a GQ, making it challenging to interpret the data. The main methods for measuring kinetics of DNA folding and affinity binding are stopped-flow (SF) [10] and SPR, [14] both of which have the capability of calculating rate and thermodynamic constants of DNA binding to big biomolecules. They have restrictions due to mixing dead-time and re-dissociation of reagents for SF as well as mass transport to and heterogeneity of the surface of a SPR chip.
G-quadruplex-forming DNA/RNA sequences play an important role in the regulation of biological functions and development of new anticancer and anti-aging drugs. In this work, we couple on-line kinetic capillary electrophoresis with mass spectrometry (KCE-MS) to study conformational dynamics of DNA G-quadruplexes in solution. We show that peak's shift and its widening in KCE can be used for measuring rate and equilibrium constants for DNA-metal affinity interactions and G-quadruplex formation; and ion mobility mass spectrometry (IM-MS) provides information about relative sizes, absolute molecular masses and stoichiometry of DNA complexes. KCE-MS separates a thrombin-binding aptamer d[GGTTGGTGTGGTTGG] from mutated sequences based on affinity to potassium, and reveals the apparent equilibrium folding constant (K F %150 mm), folding rate constant (k on % 1.70 10 3 s À1 m À1 ), unfolding rate constant (k off % 0.25 s À1 ), half-life time of the G-quadruplex (t 1/2 % 2.8 s), and relaxation time (t % 3.9 ms at physiological 150 mm [K + ]). In addition, KCE-MS screens for a GQ-stabilizing/-destabilizing effect of DNA binding dyes and an anticancer drug, cisplatin.
In this article, we demonstrate the power of kinetic capillary electrophoresis coupled on-line with mass spectrometry (KCE-MS) to monitor individual DNA conformers and revealing rate and equilibrium constants of GQ DNA folding upon the binding to potassium ions. This represents an important step in deciphering fast kinetics of DNA folding, in addition to establishing KCE-MS as a real-time method for studying DNA dynamics and screening DNA binding ligands.
Conceptually, KCE-MS is defined as an electrophoretic separation of compounds, which interact inside a capillary column during electrophoresis and are detected by mass spectrometry. Usually, separated analytes are detected by UV-VIS absorption or laser-induced fluorescence (LIF). These detection modes can be problematic for screening of complex mixtures with multiple targets and ligands. Therefore, the ability to acquire accurate molecular mass and structural information about the analytes is highly desirable. Capillary electrophoresis was coupled with mass spectrometry (CE-MS) over twenty years ago, which significantly advanced the field of nucleic acid and bioanalytical chemistry. [18] Here, we connect KCE with MS on-line by electrospray ionization (ESI), a soft ionization technique, which keeps noncovalent complexes intact. It combines in one system the separation and kinetic capability of KCE together with molecular weight and structural elucidation of MS. The advantages of KCE-MS are that 1) DNA interacts with a ligand and folds at near physiological conditions, and all kinetic and thermodynamic parameters are measured in solution but not a gas phase; 2) DNA and ligands don't need special labeling for the MS detection; and 3) interactions/foldings of several DNAs and ligands can be studied simultaneously in one capillary microreactor. KCE-MS implicates the benefits of both ion mobility, mass spectrometry and KCE-UV(LIF), where ion intensities, masses, electrophoretic mobilities and affinity of interacting compounds are determined. Ion mobility (IM) spectrometry separates ions on the basis of their collision cross section with a buffer gas. IM is fast and simple, and requires only a MS instrument with a drift cell. Nevertheless, the competitive binding, ion suppression during ionization and formation of nonspecific complexes in a gas phase could cause problems in interpretation of IM results. Fortunately, KCE can be coupled with IM directly, so that KCE separates interacting molecules based on their affinities and size-to-charge ratios in solution inside a capillary prior to the electrospray ionization (ESI), followed by IM separation in a gas phase and MS detection.
Results and Discussion
Principles of KCE KCE-based separation of GQ DNA involves two major processes. First, it includes the noncovalent interaction of an unfolded DNA (DNA) with a coordinating metal ion (M) leading to formation of a folded GQ complex (GQ-M) and dissociation of the complex regulated by a rate constant of complex formation (k on ) and a decay constant (k off ) [Eq. (1)]:
Second, there is simultaneous separation of DNA, M, and GQ-M based on differences in their electrophoretic velocities in solution. These velocities are directly proportional to a size/ charge ratio of DNA, M, and GQ-M. These two processes are described by the reaction scheme shown in Equation (1) and general system of partial differential Equation (2): Practically, a plug of an equilibrium mixture (EM) that consists of DNA, M, and GQ-M is injected into the capillary prefilled with the run buffer containing the metal ion with a total concentration identical to EM. Components of EM are separated by capillary electrophoresis while quasi-equilibrium is maintained between DNA, M and GQ-M complex inside the capillary (Figure 1 A) . This method is called equilibrium capillary electrophoresis of equilibrium mixtures (ECEEM). [19] It is a mode of kinetic capillary electrophoresis (KCE), a platform for kinetic homogeneous affinity methods in which molecules interact with each other during electrophoretic separation. [20] The unfolded DNA and folded GQ migrate with different velocities due to different shapes-GQ is more compact than unfolded DNA (Figure 1 B) , and thus migrates later than the unfolded DNA. There are three unique features of this separation: 1) DNA and GQ migrate as a single EM peak due to fast exchange between them, 2) the migration time of the EM peak depends on the concentration of M in the run buffer, so DNA sequences with different equilibrium folding constants, K F = k off /k on , migrate with different velocities and are separated from each other, and 3) EM peak broadening is dependent on the concentration of M, rate constants and characteristic separation time (t sep ). The characteristic separation time is the time required for DNA and GQ-M to separate from each other inside EM plug and is defined as [Eq. (3)]:
where w is the width of the initial EM peak.
The general analytical solution of these nonlinear differential Equations (2) in partial derivatives is not known. In some cases like 1) the formation or decay rate constants are negligible or zero, [21, 22] 
linear directly or after the Cole-Hopf substitution. [23, 24] In our case, the molecular exchange between an unfolded DNA and a folded GQ-M complex is very fast. The relaxation time (t) to equilibrium for weak (K F > 1 mm) and fast reactions depends on rate constants, DNA and M concentrations [Eq. (4)]:
If t > t sep , the zones of DNA and GQ-M are separated before the re-equilibration in Equation (1) proceeds to a significant extent. Thus, unfolded DNA and folded GQ-M are moving as individual peaks. If t % t sep , re-equilibration in Equation (1) and separation proceed with comparable rates. Therefore, DNA and GQ-M are moving as two overlapping peaks. Finally, if t < t sep , the re-equilibration in Equation (1) occurs much faster than peak separation (our case), and, as a result, DNA and GQ-M will be moving as a single peak. The last case of fast molecular interactions is experimentally illustrated in Figure 2 .
For the fast molecular exchange, when t ! t sep and [DNA] ! [M] + K F , the approximated Equation (5) is used:
where V EM is the velocity of the EM peak, D EM is a physical diffusion coefficient for the EM peak and D CID is a chemical induced coefficient of diffusion. They can be described as [Eq. (6)]:
K F can be found from the expression:
Equation (5) is well known in mathematics as Burgers' equation and can be solved analytically if the injected EM plug is narrow (w ! the length of capillary). [25] The detailed mathematical solution is described in the Supporting Information. When V DNA, V GQ-M , V M , D GQ-M , D DNA are known, K F is found from Equation (7) . Afterward, k off is determined from Equation (5), and k on = k off /K F . Interesting to note, ECEEM has a unique "accumulation" property. It accumulates the effect of molecular interactions in extra-long capillaries; it could reveal rates of extremely fast reactions, if D CID > D EM .
Measuring rate and equilibrium constants for GQ folding
We mixed 10 mm of GQ, forming a 15-nucleotide (nt) thrombin-binding aptamer (TBA) sequence (5'-d[GGTT GGTGTGGTTGG]-3') with three mutated sequences (10 mm each, the flipped bases are italic), GM1 (d[GGTTGGTGT-GGTGTG]), GM2 (d[GGTTGTGGTGGTGTG]), GM3 (d[GTGTG-TGGGTGTGTG]) (equimolar mixture of GM1, GM2 and GM3 is labeled as GM), and separated in varying K + concentrations from 10 mm to 2.5 mm KCl in 12.5 mm tris-acetate (TA) run buffer, pH 7.8. All DNA sequences have the same number of nucleotides and molecular mass (MW = 4726.1 Da). As shown in Figure 2 , the GQ sequence is separated well from a mixture of mutated sequences upon increasing K + concentration and visualized by UV (Figure 2 A) and MS detections (Figure 2 B) . Broadening of GQ peak has a bell-shaped curve, with a maximum width at approx. 150 mm of KCl, when fractions of unfolded DNA and GQ are equal (Figure 2 D) . Experiments carried out in the range of 15-450 mm of KCl, (0.1-3) K F , provide the most confident results for finding rate and equilibrium constants. In this range, the EM contains both DNA and GQ in comparable amounts. Molecular diffusion can contribute to peak widening in a similar way as dynamic equilibrium between different DNA conformers. Moreover, in our case, the GQ peak became narrower with increasing migration time in experiments when [KCl] > 500 mm-the phenomenon opposite to that could be caused by diffusion. Nevertheless, we found diffusion coefficients for GQ and GM by a CE method as described elsewhere. [26] Briefly, we measured the change of GQ and GM peak widths with and without KCl. This was achieved by first moving an analyte in one direction to pass the UV detector and record the initial peak width. The analyte was then stopped to allow for its diffusion for 40 min. Finally, the analyte was moved back passing the detector for the second time and recording the final peak width. Diffusion coefficients for GQ and GM sequences were the same and equal to (1.4 AE 0.1) 10 À6 cm 2 sec À1 without KCl, and (4.5 AE 0.2) 10 À6 and (1.8 AE 0.2) 10 À6 cm 2 sec À1 in presence of 2 mm KCl, respectively. The folding of DNA to a compact GQ structure decreases molecular cross section and a diffusion coefficient accordingly.
The apparent folding constant (K F ) for GQ is (147 AE 8) mm; k on is (1.70 AE 0.41) 10 3 s À1 m À1 ; k off for unfolding is (0.25 AE 0.06) s À1 . Half-life time of the complex is 2.8 s; relaxation time (t) equals 2.0 s in 150 mm KCl and 6.5 ms in 90 mm KCl. To the best of our knowledge, this is the first report on kinetic parameters for fast DNA folding/unfolding in solution measured on-line by a separation technique and mass spectrometry. To confirm the value of K F measured by KCE-MS, we performed independent circular dichroism (CD) titration experiments and found K F equaled (126 AE 4) mm for GQ-potassium complex (see the CD section in the Supporting Information). Our results are consistent as well with that reported by Zhang and Balasubramanian [10] for the hTelo sequence (d[GGGTTAGGGTTAGGGTTAGGG]): K F = (120 AE 20) mm, k on = (0.28 AE 0.04) 10 3 s À1 m À1 and t = 40 ms in 90 mm KCl using UV titration and stopped-flow techniques. The hTelo sequence is 21-nt long, has 3-quartet DNA G-quadruplexes and folds with a stronger positive cooperativity than TBA with 2 quartets only; therefore, hTelo has smaller K F and k on values and longer relaxation time.
While in our experimental demonstration of KCE we used an electric field, other means of inducing differential mobility can be used, like chromatography or centrifugation. An external action used in KCE to induce the differential mobility can potentially affect the folding kinetics. We performed our KCE separation at different electric fields and found small variations of folding constants (< 20 %). Nevertheless, the possibility of such an influence cannot be completely excluded and could be experimentally studied by varying an electric field and extrapolating the results to zero voltage.
Monitoring DNA folding with ion mobility MS
The challenge for MS detection is that molecular weights and m/z rations of all GM and GQ DNA sequences are the same due to the same nucleotide constitution. It makes these molecules unresolvable by means of MS only. Nevertheless, the differential affinity of DNA to K + can be observed by direct injection mass spectrometry (DIMS). The main ions in DIMS are (GQÀ4 H + ) 4À for free GQ and (GMÀ4 H + ) 4À for free GM (Figure 3 C,A) . Mixing with 2 mm KCl eliminates free GQ as well as the Na + adduct (Figure 3 D) , but brings several complexes of GQ with K + where (GQ + K + À5 H + ) 4À and (GQ + 2 K + À6 H + ) 4À are the main ions. The high concentration of KCl does not significantly change the amount of free GM (Figure 3 B) , which confirms the absence of specific affinity of GM to K + . In DIMS experiments, the first and second dissociation constants K D1 for GQ-1 K and K D2 for GQ-2 K have been previously found to be 119 mm and 556 mm, respectively. [27] The apparent folding constant K F obtained in solution by KCE is inherently different from the consecutive dissociation constants K D1 and K D2 deter-mined by mass spectrometry in a gas phase, because KCE does not resolve 1:1 and 1:2 GQ-metal complexes in solution.
Complexation of GQ with two potassium ions causes GQ folding in a compact structure with smaller collision cross section (CCS) that is detectable by ion mobility spectrometry (IMS). GQ has shorter migration in CE and drift time in IMS experiments than GM sequences (Figure 4 ). Addition of K + ions to GM sequences increases a cross section and drift time as opposed to the GQ strand (Figure 4 B) .
We also observed that Na + and NH 4 + ions possessed weaker GQ stabilizing activity than K + , as was previously shown. [28] Important to note, NH 4 + -based buffers (popular in mass spectrometry) should be avoided in studying coordinating effects of nucleic acids with different ligands due to the fact that NH 4 + would compete with the ligands to bind to GQ making it harder to interpret experimental results.
Balthasart et al. [29] studied complexation of TBA (GQ sequence) with NH 4 + using IMS and found that the loss of NH 4 + from the complex does not change the CCS of nucleic acids, meaning that free TBA and TBA-NH 4 + complex have identical CCS's. These findings also support our conclusion that K + is a stronger G-quadruplex stabilizing agent.
Screening for GQ-stabilizing/-destabilizing molecules
Since GQ structures can regulate a broad spectrum of different biological processes and cancer development, it is of a great importance to search for compounds altering its stability. We tested a set of compounds that could possibly stabilize/desta- and an anticancer drug called cisplatin or cis-diamminedichloroplatinum(II). The dyes were supplemented into the run buffer as well as into samples of GQ, GM1, GM2, and GM3 sequences and were subjected to KCE-MS analysis. We did not observe any migration time shifts and peak widening in KCE, and did not detect GQ-dye complexes by MS in the range of dye concentrations from 50 nm to 1.6 mm. We concluded that aforementioned DNA binding dyes did not possess any GQ stabilizing/destabilizing activity. Usually these dyes bind well to long double-stranded DNA.
Unlike the dyes cisplatin demonstrated strong GQ destabilizing activity. Cisplatin coordinates to the N7 atoms of the purine (guanine and adenine) bases and forms a covalent adduct with two adjacent bases on the same strand of DNA. In this experiment, GM and GQ strands were derivatized with cisplatin with and without the presence of K + ions (see Figure S1.2 in the Supporting Information). After derivatization, free DNA as well as monoderivatized strands were detected. Important to note, in cisplatin-DNA complexes both available bonds of cisplatin were used, which indicates intra-strand cross-linking. After cisplatin derivatization, DNA was no longer able to fold into GQ structure (see Figure S1 .2 D in the Supporting Information). Therefore, cisplatin could be used as a strong and nonspecific GQ-destabilizing agent.
Conclusions
Whitesides and co-authors were the first to apply CE for finding rate and equilibrium constants through a numerical approach of fitting reactant-propagation profiles. [30, 31] Most kinetic capillary electrophoresis (KCE) methods (non-equilibrium capillary electrophoresis of equilibrium mixtures (NECEEM), sweeping capillary electrophoresis (SweepCE), plug-plug KCE) cause irreversible perturbations in binding equilibrium and are not suitable for measuring reactions with fast re-equilibration (t < t sep ). For example, in NECEEM, if the dissociation of a complex happens quickly, it is almost impossible to measure k off > 0.1 s À1 . In contrast, equilibrium capillary electrophoresis of equilibrium mixtures (ECEEM) considers both the forward and reverse process in the reaction.
In this study, we coupled on-line kinetic capillary electrophoresis with mass spectrometry (KCE-MS) for the study of fast DNA conformations and dynamics in solution. We showed that peak's shift in CE and its widening can be used for the precise determination of rate and equilibrium constants for DNAmetal affinity interactions and DNA folding. We confirmed DNA folding by ion mobility (IM) spectroscopy and presented twodimensional separation (KCE versus IM) of conformers in solution and a gas phase.
In conclusion, KCE-MS establishes a new paradigm that separation methods together with MS detection can be used as comprehensive kinetic tools with mass and structure elucidation of nucleic acids. Most previous attempts to use chromatography and electrophoresis for studying nucleic acid interactions were restricted to assuming slow or no equilibrium between reactants. KCE shows that non-zero kinetics and structural dynamics must be taken into account when separation happens. KCE-MS could be a valuable supplement to IM-MS due to the separation of ions in solution according to their size-to-charge ratio. We believe that KCE-MS will be used in parallel with circular dichroism (CD), stopped-flow (SF), and surface plasmon resonance (SPR) techniques for studying nucleic acid structures and functions, screening DNA/RNA binding compounds and selecting aptamers.
Experimental Section
Chemicals and reagents: All DNA sequences were purchased from IDT DNA Technologies (USA). For all experiments, 12.5 mm tris-acetate, pH 7.85, was used as an incubation/run buffer. The buffer was prepared by dilution from 200 mm tris-acetate stock buffer. The stock buffer was made by dissolving 12.11 g of tris-base (Bio Basic Inc., Canada, cat.# 77-86-1) and 2.86 mL of acetic acid (Bio Basic Inc., Canada, cat.# C1000) in 500 mL of ddH 2 O. 100 mm solutions of NH 4 Cl (Sigma-Aldrich, USA, cat.# 254134), NaCl (Sigma-Aldrich, USA, cat.# S7653) and KCl (Sigma-Aldrich, USA, cat.# P9541) were prepared in ddH 2 O. 1 mm 4,4'-(propane-1,3-diyl)dibenzoic acid (PDDA; Sigma-Aldrich, USA, cat.# S499455) was prepared in run buffer and used as internal standard in CE separation to normalize electrophoretic mobilities.
Equilibrium mixtures of DNA and chlorides were prepared in the incubation buffer with 10 mm concentration of all DNA sequences. Concentrations of KCl were in the range of 10 mm-2.5 mm. All solu- tions were filtered through 0.22 mm pore size nylon membrane filters (Millipore, Nepean, ON, Canada). The bare-silica capillary was purchased from Polymicro (Phoenix, AZ, USA).
KCE experiments:
The sample storage and capillary temperature was maintained at 25 AE 0.5 8C. The electric field in KCE separation was 290 V cm À1 with a positive electrode at the injection end. The run buffer was with one of the coordinating ions in the inlet reservoir. The concentration of the coordinating ions in the equilibrium mixture and the run buffer was the same for individual KCE experiments. For all experiments, the capillary was 89 cm long (30 cm in KCE-UV experiment, 20 cm to window) with an inner diameter of 50 mm and an outer diameter of 360 mm. The equilibrium mixture was injected into the capillary from the inlet end by a pressure pulse of 10 s 1 psi (0.3 psi for 3 sec in KCE-UV experiment). Before each experiment, the capillary was rinsed by 75 psi pressure with: 0.1 m HCl for 3 min, 0.1 m NaOH for 3 min, ddH 2 O for 3 min, 12.5 mm tris-acetate buffer for 5 min, and the incubation/run buffer with coordinating ions for 2 min. A Synapt G2 HDMS mass spectrometer from Waters (UK) was coupled with a PA800plus Pharmaceutical Analysis CE system having a PDA detector (Beckman Coulter, USA) through a CE-ESI sprayer from Micromass (UK) and used in all KCE-MS experiments. Electrospray ionization conditions were as follows: capillary voltage 3 kV, negative mode, sampling cone voltage 45 V, extraction cone voltage 3 V, source temperature 100 8C, cone gas 0 L h À1 , nanoflow gas 0.5 Bar, purge gas 3 L h À1 , mobility cell bias voltage 3 V. Sheath liquid (80:20 isopropanol/ddH 2 O, 5 mm triethanolamine) was delivered with a flow rate of 1.5 mL min À1 .
